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Abstract: The application of quantifying phylogenetic information into measures of forest
β-diversity is increasing for investigating the underlying drivers of community assembly along
environmental gradients. In terms of assessing evolutionary inferences of community processes,
a variety of plant DNA barcodes has been widely used in phylogenetic diversity measurements.
However, relatively few studies have evaluated the effectiveness of DNA barcodes with using nuclear
region in estimating phylogenetic β-diversity, particularly for communities in tropical or subtropical
forests. In this study, we employed DNA barcodes combing with the nuclear region to construct the
community phylogeny and examined the patterns of phylogeneticβ-diversity of three mid-subtropical
evergreen broad-leaved forests (EBLFs) in South China. Three phylogenetic construction methods
were performed, including a Phylomatic-generated tree and two ML trees based on the combination
of rbcL + matK + ITS with or without a constrained tree. Our results showed that the DNA
barcodes including nuclear ITS constructed a highly resolved phylogenetic tree, but the application
of a constrained tree had little influence on estimation of phylogenetic diversity metrics (mean
pairwise distances and mean nearest taxon distances) based on branch lengths. Using both metrics
and their standardized effect size metrics, we found that the patterns of phylogenetic β-diversity in
mid-subtropical forests were non-random. There was a slight decline of phylogenetic β-diversity
with increasing latitudes, but no trend was found along the altitude gradient. According to the
analysis of variation partition, both environmental filtering and dispersion limitation could explain
the variation of phylogenetic dissimilarity between communities in mid-subtropical EBLFs of China.
Our results highlight the importance of neutrality and the niche conservatism in structuring the
patterns of species diversity in subtropical woody communities.

Keywords: DNA barcoding; community phylogeny; phylogenetic turnover; environmental filtering;
dispersal limitation

1. Introduction

Unraveling mechanisms that determine species diversity is an essential issue in ecology.
Niche-based deterministic and neutrality-based stochastic processes are considered to be two main
drivers for the variation of species composition [1–4]. The relative importance of the deterministic or
the stochastic process in shaping the patterns of species diversity has been debated for a long time by
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community ecologists, especially for the regional spatial scales in biodiversity hotspots, where highly
diverse biomes exist (e.g., tropical or subtropical forests). By quantifying the degree to which space,
environment, or their interactions would influence the community dissimilarity, β-diversity has become
increasingly important in studies of inferring the dominant mechanism underlying the assembly of
communities [5–9]. Generally, changes of species composition caused by deterministic processes
may be strongly associated with environmental distances, as species distribution may differ in large
environmental gradients. While the variation of species turnover caused by stochastic processes may
have strong correlations with geographical distances, because species dispersal limitation may occur
in biogeographic barriers.

However, most measures ofβ-diversity treat all species as evolutionarily independent, ignoring the
dissimilarity of phylogenetic relatedness of species between communities [10–14]. Unlike the traditional
species-based method, phylogenetic β-diversity permits an understanding of the phylogenetic
turnover between communities and is increasingly employed to unravel mechanisms of community
assembly [15–19]. Generally, a rapid construction of community phylogeny can be achieved by
pruning and grafting taxa from the existing phylogenetic relationships of a super-tree using the online
software Phylomatic (i.e., APG III phylogeny for angiosperms) [12,20]. However, Phylomatic-generated
phylogenies of species among communities provide little phylogenetic information among closely
related species, which could influence estimates of phylogenetic metrics based on the terminal
clades, thus leading to incomprehensive or inaccurate ecological inferences [21,22]. This problem
might be more severe in species-rich regions where the existing phylogenetic information for many
complex taxa is lacking [20,23]. DNA barcoding data composed of one or multiple-barcode sequences,
has a high potential in constructing more comprehensive community phylogenies than the Phylomatic
method [21–24]. For example, DNA barcoding successfully constructed a community phylogeny for
trees in a tropical forest of Panama for the first time [22]. Thereafter, the integration of DNA barcoding
sequences into the generation of community phylogeny is applied to estimate the phylogenetic
community structure of many forests [21,24].

For plant DNA barcoding, in addition to core barcodes (rbcL + matK), the supplementary
marker of trnH-psbA has also been used widely in phylogenetic community construction.
However, this supplementary marker shows the limited ability in assessments of floristic biodiversity
in many tropical or subtropical areas for some complex lineages with rapid evolutionary history,
such as the genera of Ilex, Rhododendron, and Ficus [25–27]. Furthermore, a constrained tree of
community phylogeny is often suggested when applying these barcodes in community phylogenetic
analyses because of the incongruence in topology with the accepted phylogeny classification [21,24].
Compared with the chloroplast supplementary plant barcodes (e.g., trnH-psbA), nuclear regions,
such as ITS, have been demonstrated to be more powerful for identifying species in species-rich
regions and resolving the phylogenetic relationships within a clade, or even within a rapidly diverged
genus [28–30]. However, since ITS is rarely introduced in phylogenetic community structure analyses,
few studies focus on the phylogenetic signals based on the combination of rbcL, matK, and ITS to
assess the patterns of phylogenetic turnover between communities in tropical or subtropical forests.
In particular, when using ITS, whether or not the construction of phylogeny with the constrained tree
would affect the measures of phylogenetic β-diversity has also been barely investigated.

As an important component of subtropical ecosystems in East Asia, subtropical evergreen
broad-leaved forests (EBLFs) represent one of most diverse biomes on earth (second only to the
tropical forests) and cover approximately 25% areas of China [31]. In contrast to the tropics where
dispersal limitation is the main driver of community assembly [19,32], most species-based β-diversity
studies in EBLFs show joint effects of environmental filtering and dispersal limitation on species
composition, in which habitat variables generally could explain much more variation than the
geographical distance [33,34]. However, many studies focus on species turnover at a local community
with a limited spatial scale, and phylogenetic information is rarely included. In EBLFs of China,
numerous mountains possess extremely diverse environmental conditions, even within a small
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spatial scale [35]. Meanwhile, these mountains are considered as refuges and dispersal corridors
for species during periods of large and rapid Neogene and Quaternary climate fluctuations [35,36].
Thus, quantitative analyses are needed to investigate the evolutionary β-diversity in EBLFs in a wide
range of environmental conditions among different mountains, such as along the latitude and altitude
gradients. In addition, the high species richness in EBLFs is mainly characterized by species from
complex genera, such as Syzygium, Ilex, Rhododendron, and Viburnum [25]. Phylomatic may perform
poorly on the resolution of these species phylogenetic relationships. DNA barcodes combing with the
nuclear region may have an ability to distinguish species among these complex genera and construct
a robust community phylogeny, which may influence estimates of phylogenetic β-diversity.

In this study, we focus on the following issues: (1) the comparison of phylogenetic β-diversity
between the rbcL + matK + ITS constructed tree and the Phylomatic-generated tree; (2) the patterns of
phylogenetic turnover along latitudinal and altitudinal gradients in mid-subtropical mountain forests
of China; and (3) the roles of environment filtering and spatial distances on shaping the phylogenetic
β-diversity in subtropical forests.

2. Materials and Methods

2.1. Study Sites and Materials

This study was performed in three National Nature Reserves along the latitudinal gradient
in Jiangxi province of China, which were GuanShan (GS, 28◦30′ N, 114◦29′ E) mountain,
JingGangShan (JGS, 26◦38′ N, 114◦04′ E) mountain, and JiuLianShan (JLS, 24◦31′ N, 114◦27′ E)
mountain, respectively (Figure S1). The highest peak of the three reserves located in the JGS mountain
and is about 1841 m above the sea level. EBLFs are the major forest vegetation in the three reserves,
which contribute greatly to the biodiversity and ecological services for these areas [37]. Some other
ecosystems (e.g., alpine forests) were not investigated in this study. Depending on the geographic
realms of EBLFs in each reserve, 15 forest plots were placed in each of the first 2 mountains respectively
(i.e., GS and JGS; from about 200 m to 1000 m a.s.l.), and another 12 forest plots for the third
mountain (i.e., JLS; from about 200 m to 1200 m a.s.l.) during June and July 2016. We adopted the
field experiment design and sampling protocols from the project of forest restoration in EBLFs [31],
which were also similar to the investigating guidelines of plant diversity in China’s mountains directed
by PKU-PSD projects [38]. Plots measuring 20 × 20 m were set up and all woody species within each
plot were investigated due to their importance in shaping and maintaining the community structure in
subtropical forests. Tree plots representing typical types of community vegetation for EBLFs (including
Fagaceae, Lauraceae, Theaceae, and Magnoliaceae) were selected at intervals of 100–200 m in each
mountain. All trees stems > 1 cm in diameter at breast height (dbh) were surveyed and identified to
the species level. During the survey, a few rare species in some plots failed to be accurately identified
in the field due to the lack of specimens with key identification traits. To reduce the ambiguity,
these rare species (about five species) were removed from their plot species lists. Subspecies and
varieties were combined, and taxonomic synonymy were re-corrected through the World Flora Online
(www.worldfloraonline.org). In total, there were 8879 individuals representing 242 species, 110 genera,
and 54 families across all plots. In addition, tissue sample of each woody species surveyed was
collected and preserved with silica gel desiccation for further DNA extraction.

The geographic information and altitudes of each plot were recorded via GPS. Soil cores (2.5 cm
in diameter, 5 cm in length) were taken at 0–10 cm depths from 10 randomly selected locations in each
plot. After removing the surface litter, ten cores were composited into one sample. Five variables of soil
nutrients—including pH, total C, total N, total phosphorus, and available phosphorus stocks—were
analyzed according to the procedure in literature [39].

We collected two specimens for each species in each reserve. After identifying and checking
all specimens by local taxonomists, one sample for each species was used to obtain DNA barcoding
sequences. In total, 142, 139, and 106 species were sampled for the GS, JGS, and JLS mountain,
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respectively. Genomic DNA was extracted from dried leaf tissues using a modified CTAB method [40].
Three regions (rbcL, matK, and ITS) were amplified in a 25 uL reaction mixture respectively. Methods of
DNA extraction, PCR for each region and sequencing followed Liu et al. [25]. While sequencing
some samples of ITS directly, messy positions (e.g., sequencing errors or polymorphism) were found.
In order to obtain clear sequences of ITS, PCR bands from these samples were excised, purified with
a Generay kit (Shanghai, China) and re-sequenced after visualization on 2% agarose gel. Sequences for
some of taxa were retrieved from our previously published local comprehensive DNA barcoding
library in the south subtropical EBLFs of China [25]. All 129 DNA barcodes generated in this study
were deposited in GenBank (Table S1). In total, we used 684 sequences that included 242 sequences
for rbcL, 231 for matK, and 211 for ITS. All trace files for each of the three barcodes were edited and
assembled via Sequencher 4.1.4 (GenCodes, Corp. Ann Arbor), and each sequence was re-checked
and verified using a BLASTn search of the NCBI database. Because of the confusion in taxonomic
synonymy and local botanical nomenclature, about 35 incorrect species names were found. All of these
misidentifications were corrected. Alignment of rbcL and matK were conducted globally via MUSLE
aligner in Mega 6.0. Sequences from the hyper-variable ITS barcode were aligned using SATe based on
the guide tree at the family level derived from the Phylomatic portal [24]. Based on the ‘divide and
conquer’ style arithmetic, SATe could first generate many sub-alignments by subdividing sequences
into small sets and operating many cycles of alignment. Thereafter, all sub-alignments are merged to
the optimal alignment state based on the likelihood scores of a guide phylogenetic tree. This alignment
method has been proved to be very powerful in the alignment for hyper-variable markers [23,25].
The alignments for each of three barcodes were edited and checked manually using Mega 6.0, and then
concatenated to produce a three-gene alignment for all species by super-matrix combining via the R
package ‘phylotools’.

To evaluate the effectiveness of the combination of three barcodes (i.e., rbcL + matK + ITS) on
estimating phylogenetic diversity, three community phylogenetic trees for all 242 woody species
were constructed and compared. The first tree was generated by the online eco-informatics software
Phylomatic based on Zane et al. [41], the phylogeny of which includes 98.6% of seed plant families in
the world. The other two trees were constructed using the maximum likelihood (ML) algorithm with
the aligned three-barcode matrix (rbcL + matK + ITS). In order to generate the consistent deep topology
with broadly accepted phylogeny, the ordinal-level topologies of the APG tree as a constrained tree
were often suggested in phylogenetic analyses when using DNA barcoding data [24,42]. For some
species-level megaphylogenies of vascular plants based on DNA sequences (e.g., Zane et al. [41]),
both orders and families were constrained according to the APG tree [41]. In this study, the constrained
tree was derived using Phylomatic from the APG III system, and then each family was modified
into a polytomy in Mesquite. Both unconstrained and constrained barcoding ML trees were built
by employing RAxML via the CIPRES super-computer cluster [43]. The GTR model with a gamma
distribution parameter was selected for the analysis based on jModeltest [44]. Node supports were
assessed by 1000 bootstrap replicates. Finally, an ultrametric tree was obtained using the Mean Path
Length (MPL) method, which was implemented by the ‘chonoMPL’ command within the R package
‘ape’. Based on the phylogeny with internode lengths, the MPL method could produce relative age
estimates with confidence intervals [45].

2.2. Measures of Phylogenetic β-Diversity

A variety of phylogenetic β-diversity metrics have been adopted in multiple studies since the
phylogenetic community ecology was proposed [10], but some of these indices are considered to be
highly correlated with the existing ones [19]. In this study, to avoid the redundancy of evaluating
similar indices, we measured two phylogenetic β-diversity metrics that have been widely used,
which were the mean phylogenetic dissimilarity (Dpw) and the mean nearest taxon distance (Dnn) with
both abundances weighted and presence–absence data [19]. The standardized effective sizes of these
two metrics quantified from a null distribution output were also calculated, for evaluating whether the
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phylogenetic relatedness between species in two plots differed from the randomly expected. When
generating the null distribution, we randomized the species names 999 times and re-evaluated Dpw

and Dnn metrics for each plot. This randomization procedure maintained the existing community
data matrix and only changed species names across the tips of the phylogenetic tree, which were
suggested to be particularly powerful in phylogenetic β-diversity since it can fix all observed spatial
patterns [19,46]. The standardized effect sizes (S.E.S.) of Dnn and Dpw through randomization were
calculated as

S.E.S.Dpw = −1×
Dpw observed −Dpw random

sd
(
Dpw random

)
S.E.S.Dnn = −1×

Dnn observed −Dnn random

sd
(
Dnn random

)
Five gymnosperm species (Pinus massonina, P. taiwanensis, Taxus wallichiana, Cunninghamia lanceolata,

Negeia nagi) found in the plot species list were dropped from the analysis of community phylogeney,
due to their long evolutional branch lengths in the phylogeny [47]. On the other hand, angiosperms are
a major source in subtropical forests. In addition, the differentiation of deep level phylogenetic
relationships between gymnosperms and angiosperms may not affect the relationship at the generic or
the species level [48]. Therefore, omitting some rare gymnosperm species would have little influence
on the estimation of assembly processes of angiosperm woody species.

2.3. Patterns of Phylogenetic Dissimilarity in Different Mountains

To explore the patterns of phylogenetic dissimilarity along the latitude and altitude of the three
mountains, we converted the community dissimilarity matrices of all phylogenetic dissimilarity
between plots into pairwise lists. Each of the pairwise was divided into two parts for each analysis:
the dissimilarity in species composition between plot-pairs along the altitudinal gradient on the same
mountain, and the decaying rate of similarity in species composition for plot-pairs from two different
mountains. Therefore, the plot-pair lists of two plots were assigned into six groups: plot-pairwise of
two plots from the same mountain, including GS, JGS, and JLS respectively, and plot-pairwise from
two different mountains, including GS vs. JGS, GS vs. JLS, and JGS vs. JLS respectively. We employed
two-way ANOVAS to test the differences of S.E.S.Dnn and S.E.S.Dpw between each group.

Spatial variables were calculated using GPS coordinates collected from each plot.
Environmental distances between each plot-pair were estimated by calculating the Euclidean distance
between plots based on their five soil variables. The elevational distances between plots were also
calculated by using the Euclidean distance. As EBLFs generally develop under the subtropical monsoon
climate [31], five climatic variables were chosen to quantify the climates of each plot: annual mean
temperate, temperature seasonality, minimum temperature of the coldest month, temperature annual
range, and annual precipitation. The data of these climatic variables were downloaded from the
WorldClim website (www.worldclim.org). According to the principal component analysis, the first
and second principal components (PC1 and PC2) contributed to a large amount of the variation in
these five climatic variables, and therefore the climate PC1 and PC2 were employed to represent the
five climate variables (Table 1 and Table S2). We also subjected five edaphic variables to another
principal component analysis and the first two principal components contributed to a high amount of
the variation in the five edaphic variables. Thus, the soil PC1 and PC2 were used to represent the five
original edaphic variables (Table 1 and Table S2). The influence of spatial variables, environmental
variables, and the changes of elevation were assessed using statistical methods described below.

www.worldclim.org
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Table 1. The first three principal components (PCs) of the two principal component analyses for climatic
and soil variables.

Climate Soil

PC1 PC2 PC3 PC1 PC2 PC3

Eigenvalue 3.545 1.362 0.089 2.657 1.566 0.3903
Proportion of variation 70.89 27.24 1.799 53.13 31.33 7.810

Cumulative % of variance 70.89 98.13 99.93 53.13 84.46 92.26

To explore the patterns of phylogenetic dissimilarity along the altitudinal gradient, we conducted
linear regressions for S.E.S. Dpw and S.E.S. Dnn plotted against the changes of elevation for each pair of
plots. The Pearson’s correlation coefficient based on the Mantel test was utilized to quantify relationships
between phylogenetic dissimilarity, geographical distance, climatic distance, and edaphic distance.

2.4. Quantifying the Relative Importance of Explanatory Variables

Multiple regression on distance matrices (MRM) was employed to partition the variances in Dpw

and Dnn. MRM could quantify both independent joint effects of different explanatory variables. In this
study, phylogenetic β-diversity metrics were regressed on the geographical distance, the change of
elevation, and the environmental distance. The coefficient of adjusted R2 inferred the explanatory
abilities of independent variables or the interactions of the three independent variables. All the
procedures and plotting were performed with the R language (version 3.1.2; R Foundation for Statistical
Computing), using the packages of ‘geosphere’, ‘vegan’, ‘ape’, ‘picante’, and ‘ggplot2’.

3. Results

3.1. Assessment of Phylogenetic β-Diversity

Three community phylogenetic trees were built in this study with different approaches including
the phylomatic phylogeny, the unconstrained barcoding phylogeny, and the constrained barcoding
phylogeny, which differed in phylogenetic topology. The Phylomatic-generated tree resolved 217 nodes,
and most of unresolved relationships in this tree were found in five complex genera, which were
Ficus, Callicarpa, Ilex, Euonymus, and Castanopsis. The ML tree using DNA barcoding data without
a constrained tree exhibited nearly fully resolved topology and showed 53.53% high bootstrap values
(BS > 85) and 60.17 % moderate bootstrap values (BS > 70). However, the overall topology of the
unconstrained barcoding tree was significantly incongruent with the Phylomatic-generated ordinal
topology (Figure 1). Almost 30% orders (8 of 27 all orders) were misplaced with respect to the accepted
APG topology at the ordinal level. The constrained barcoding tree also showed a well-resolved
phylogeny among all species relationships, and performed best in highly supported nodes (BS > 85:
67.92% and BS > 70: 75%) among the three constructed trees. Further investigation was conducted to
evaluate the effects of these phylogenetic incongruities on community phylogenetic β-diversity indices
in our study.
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Figure 1. Comparison of the ordinal topologies between the Phylomatic-generated tree (APG phylogeny)
and the unconstrained barcoding tree (rbcL + matK + ITS) generated from the ML analysis.

Phylogenetic β-diversity was quantified by pairwise and nearest-neighbor metrics, and the
presence-abundance and abundance weighted approach was employed. All values were multiplied
by −1. Negative values of any phylogenetic β-diversity metric indicated a lower turnover than the
expected phylogenetic turnover between plots, while positive values indicated higher turnover rates
than expectation.

The effectiveness of the three different phylogenies on community assembly parameters was
compared in pairs (Figure 2). When using pairwise t-test, differences in phylogenetic β-indices between
the Phylomatic-generated and the unconstrained barcoding phylogeny were significant (Table S3;
e.g., for S.E.S.Dpw.aw, t = 4.802, df = 2356, p < 0.0001). Highly significant differences were also found in
phylogenetic β-indices between the Phylomatic-generated and the constrained barcoding phylogeny
(e.g., for S.E.S.Dpw.aw, t = 6.211, df = 2356, p < 0.0001). There was no difference detected in calculations
between the two phylogenies based on barcoding data (e.g., for S.E.S.Dpw.aw, t = 1.223, df = 2356,
p = 0.2241). Because the trends of the following results based on the three phylogenies were similar,
we report on the remainder of the results calculated by the constrained barcoding phylogeny in
this study.
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3.2. Patterns of Phylogenetic β-Diversity of Evergreen Broad Assemblages along Latitudinal and Altitudinal
Gradients in Sub-Tropical Forests

For each of the three mountains located at different latitudes, results of the pairwise metrics
showed that the majority of S.E.S. Dpw values based on the constrained barcoding ML tree were higher
than the expected phylogenetic turnover, and JLS showed the highest values among the three mountains
(Figure 3). Similar results were found in the comparisons with the other two mountains, and any
comparisons with JLS obtained higher values than the comparisons with JGS or GS. However, results of
the two phylogenetic near-neighbor metrics were largely different from results of pairwise metrics.
S.E.S. Dnn was a little lower than the expected value. In addition, ranges of dissimilarity between plots
reduced when species abundance was weighted. Along the altitudinal gradient in each mountain,
no significant tendency was found for the four phylogenetic metrics (Figure 4).Forests 2019, 10, x FOR PEER REVIEW 9 of 17 

 

 
Figure 3. Dispersion of the four phylogenetic β-metrics using constrained barcoding tree for each 
mountain and between different mountains. JLS, JGS, and GS represent the phylogenetic turnover of 
the Jiulianshan, Jinggangshan, and Guangshan mountain, respectively. JLS vs. JGS represents the 
dissimilarity between pair plots from JLS and JGS respectively; JLS vs. GS represents the dissimilarity 
between pair plots from JLS and GS respectively; and GS vs. JGS represents the dissimilarity between 
pair plots from GS and JGS respectively. Different letters on the top of each boxplot stand for the 
significant differences among comparisons with LSD tests (p < 0.05). 

Figure 3. Cont.



Forests 2019, 10, 923 9 of 16

Forests 2019, 10, x FOR PEER REVIEW 9 of 17 

 

 
Figure 3. Dispersion of the four phylogenetic β-metrics using constrained barcoding tree for each 
mountain and between different mountains. JLS, JGS, and GS represent the phylogenetic turnover of 
the Jiulianshan, Jinggangshan, and Guangshan mountain, respectively. JLS vs. JGS represents the 
dissimilarity between pair plots from JLS and JGS respectively; JLS vs. GS represents the dissimilarity 
between pair plots from JLS and GS respectively; and GS vs. JGS represents the dissimilarity between 
pair plots from GS and JGS respectively. Different letters on the top of each boxplot stand for the 
significant differences among comparisons with LSD tests (p < 0.05). 

Figure 3. Dispersion of the four phylogenetic β-metrics using constrained barcoding tree for each
mountain and between different mountains. JLS, JGS, and GS represent the phylogenetic turnover
of the Jiulianshan, Jinggangshan, and Guangshan mountain, respectively. JLS vs. JGS represents the
dissimilarity between pair plots from JLS and JGS respectively; JLS vs. GS represents the dissimilarity
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Figure 4. Patterns of the four phylogenetic β-diversity metrics based on the constrained barcoding
phylogeny along the altitudinal gradient for the three mountains.

Furthermore, correlations between phylogenetic β-diversity and spatial and environmental
distances were analyzed by the Mantel test. Based on Dpw and Dnn metrics weighted by abundance or
presence-absence data (Table 2 and S4), the phylogenetic dissimilarity of the tree communities was
moderately correlated with the geographic distance, and the changes of soil and climate. For example,
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when measured by the constrained barcoding phylogeny, the abundance weighted Dpw values
were strongly correlated with the geographical distance (Mantel’s r = 0.162, p < 0.01), the change
of soil (Mantel’s r = 0.1766, p < 0.05), and the change of climate (Mantel’s r = 0.1593, p < 0.01).
However, only Dpw abundance-weighted values were correlated with the change of elevation (Mantel’s
r = 0.142, p < 0.05), and for any of the other three metrics indicating phylogenetic β-diversity, none of
them was correlated with the change of elevation.

Table 2. Mantel test between phylogenetic β-diversity based on the constrained barcoding phylogeny
and geographical and environmental distances for forests plots.

Geographical
Distance Change of Soil Change of

Elevation
Change of

Climate

Dnn abundance-weighted 0.0175 ** 0.2870 0.0927 0.1534 *
Dnn presence-absence 0.1449 ** 0.1953 * 0.0895 0.1701 **

Dpw abunance weighted 0.1620 ** 0.1766 * 0.1420 * 0.1593 **
Dpw presence-absence 0.2301 ** 0.2870 * 0.0855 0.1626 **

** and * indicate the significance at the levels of p < 0.001 and 0.05 respectively.

3.3. Relative Importance of Environmental Distance, Climatic Distance, and Geographical Distance on
Phylogenetic β-Diversity

The geographical distance, the changes of soil and climatic distance were correlated with the
observed patterns of phylogenetic dissimilarity. Only a small proportion of the variance in abundance
weighted Dpw and Dnn could be explained by the geographical distance, the climatic distance, and the
change of soil. The explanatory power of the geographical distance was greater (6.1%, p < 0.01) than
that of the climatic distance (3.445%, p < 0.01), as indicated by the presence-absence S.E.S. Dnn based
on the constrained barcoding phylogeny (Table 3). Variance partitioning highlighted the roles of the
geographical distance, if taking S.E.S. Dnn as an example. In contrast, the dominating factor for S.E.S.
Dpw was the change of soil.

Table 3. Percentages of variation of phylogenetic β-diversity (using the constrained barcoding
phylogeny) accounted for the change in geographical distance, edaphic distance, and climatic distance
for the four phylogenetic β-diversity metrics based on results of the permutational multivariate analysis
of variance using phylogenetic β-diversity indices by ‘adonis’.

S.E.S. Dnn.aw S.E.S. Dnn.bin S.E.S. Dpw.aw S.E.S. Dpw.bin

Geographical distance 6.100 ** 2.706 ** 0.260 0.579 *
Edaphic distance 0.2280 0.067 2.480 ** 1.857 **
Climatic distance 3.445 ** 0.824 ** 0.039 1.485 **

Geographical distance + edaphic distance 0.39 0.101 0.793 ** 0.044
Geographical distance + climatic distance 0.008 0.036 1.812 ** 0.895 **

Edaphic distance + climatic distance 1.885 ** 1.046 * 0.624 * 0.420 *
Geographical distance + edaphic distance +

climatic distance 0.03 0.297 0.133 0.032

Residuals 88.02 94.922 93.86 94.69

** and * indicate the significance at the levels of p < 0.001 and 0.05 respectively.

4. Discussion

The underlying drivers of β-diversity have been discussed in many studies at different scales,
but consistent conclusions remain unclear [6,8,9,14]. New insights for assessing the community
assembly structure would benefit from phylogenetic relationships among species in a regional
β-diversity. Taking advantage of the evolutionary information obtained from DNA barcoding data,
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this study carried out a phylogenetic β-diversity analysis on 42 forests plots along altitudinal and
latitudinal gradients in mid-subtropical evergreen broad-leaved forests in China.

4.1. Assessment of Phylogenetic β-Diversity Based on Different Phylogenetic Methods

The estimation of phylogenetic relationships among species has become increasingly prevalent in
assessing the assembly of community [13,19,22,23]. The level of topological resolution was considered
to have a great impact on community structure analysis, because a well-resolved community phylogeny
would improve the statistical ability for detecting the patterns of community structure [22]. In this study,
three community phylogenies were built using different approaches, including the Phylomatic method
and the ML analysis using combined DNA barcodes (rbcL + matK + ITS) with or without a constrained
tree. When considering the efficiency of time and cost, the Phylomatic-generated phylogeny, which was
trimmed from an accepted phylogeny, would be more feasible than the others. However, the APG
system, which is committed to determine the family and ordinal relationships among seed plants based
on a large amount of data, may be hard to include all species in the genus level. This in turn would result
in low resolution for complex genera and poorly resolved topology in the community phylogeny [49].
In this study, some species in the genera of Ficus, Callicarpa, Ilex, Euonymus, and Castanopsis could not
be well-resolved in the Phylomatic-generated tree. Given that DNA barcodes combing with the nuclear
region offered enough sequence variation in those genera, ML phylogenetic trees using DNA barcodes
performed much better on the structure of community phylogeny. However, there were about 30% of
discrepancies at the ordinal level between the unconstrained barcoding ML tree and the APG phylogeny
in this study, similar to previous phylogenetic community studies at the Dinghushan subtropical
forest and the Brunei Darussalam tropical forest [21,49]. This may be due to the taxon-sampling issue
(e.g., some orders included just one or two species in the community) or the limited number of species
included. The application of a constrained tree based on the APG topology might be helpful for solving
this problem [21]. In this study, the phylogeny generated by the combination of DNA barcode data
(rbcL + matK + ITS) and a constrained tree was closely parallel with the widely accepted phylogenetic
system at deep nodes and included high support values and a high level of species resolution.

Different results in the calculation of phylogenetic diversity were generally detected with
different phylogenetic structures in many community phylogeny studies. In our study, the two
phylogenetic β-diversity indices based on the Phylomatic-generated tree and the barcoding trees
differed significantly. The ordinary-topology inconsistency between the two barcoding phylogenies
was supposed to have a great influence on estimating phylogenetic diversity. However, results of
the unconstrained barcoding tree were highly corresponded with that of the constrained barcoding
tree, given that they shared the similar phylogenetic abundance distribution among terminal branches.
In the other words, the application of a constrained tree on DNA barcoding trees may rarely affect
estimates of the phylogenetic β-diversity patterns in our study, which seemed that the two employed
phylogenetic β-metrics based on branch lengths might more greatly depend on the phylogenetic
relationships among the terminal clades than among the deep clades. Our results were similar to that
of a recently published study, where most of phylogenetic diversity parameters were more sensitive to
the barcode data (rbcL, matK, and ITS) than the application of a constrained tree, when comparing the
performance of different barcode combinations and phylogenetic construction methods by general
linear mixed-effect models [50]. However, measures of some phylogenetic diversity parameters,
which might highly depend on the phylogenetic topology such as IAC (imbalance of abundance among
clades), would benefit from the use of a constrained phylogeny [50].

4.2. Patterns of Phylogenetic Turnover along Latitudinal and Altitudinal Gradients in Subtropical Forests

Identification of β-diversity patterns across ecological gradients, such as along the global or
regional latitudinal gradients have been evaluated for a long time [6,8,9,14]. It is generally accepted that
β-diversity declines with an increasing latitude, because of stronger environmental filtering and smaller
species range size in lower latitudes than higher latitudes [6,51]. However, non-clear tendency was
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also observed when β-diversity was corrected by a standardized effect size [47]. Recently, the U-shape
latitudinal relationship was detected in regional β-deviation for eastern North American trees [9].
In our study, the phylogenetic turnover of the JLS mountain at the lowest latitude was much larger
than the other two mountains (Figure 2). In addition, the phylogenetic dissimilarities between JLS
and the other two mountains (i.e., JGS and GS) were much lower than those of JGS vs. GS. The JLS
mountain locates at the transition zone between the south-subtropical and the mid-tropical regions,
which has greater habitat variability (i.e., warmer climates, more rainfall, and more complex geographic
conditions) coinciding with a higher phylogenetic turnover. However, there was no difference between
JGS and GS. Thus, the patterns of β-diversity may be more complicated than expected, and further
analyses are needed in controlling latitudinal gradients of β-diversity in south China and elsewhere.

As the natural experiments for studying effects of climate change, elevational diversity gradients
have attracted much attention in the past [14,15,52,53]. In our study, there was no significant tendency
in the three mountains of subtropical forests along the altitudinal gradient (Figure 3). This result
was inconsistent with the opinion that β-diversity declines with the increasing altitude, but was
similar to the study of Tang et al. [54], where they failed to find any decline in large-scale patterns of
altitudinal β-diversity in most mountains of China, particularly for mountains in subtropical forests.
A possible reason for explaining the findings in this study would be that only evergreen broad-leaf
forests with relatively similar vegetation types were explored and their elevational ranges (up to
1200 m) were limited. In addition, not all climate variability declined as the elevation increased.
For example, diurnal range temperate in the Taibai mountain of China had no significant trend [55].
Moreover, human activities may modify mountain biodiversity. Increasing evidence shows that species
diversity is lower at the middle altitude than lowlands because of human disturbance and land use
change. Therefore, our results suggest that the variation of diversity along the altitude gradient might
not be suitable for assessing phylogenetic β-diversity in subtropical mountains.

4.3. Relative Contribution of Geographical and Environmental Distances to Phylogenetic β-Diversity

In our study, the phylogenetic turnover between plots in each mountain or among different
mountains was non-random (Figure 3). The drivers of community assembly under this phylogenetically
non-random distribution may differ when using different phylogenetic β-metrics. The pairwise values
of phylogenetic turnover were higher than expected, whereas the near neighbor metrics of phylogenetic
β-diversity were lower than expected, implying that the phylogenetic β-diversity might be influenced
by different ecological processes. It is widely accepted that variations in environmental heterogeneity
and dispersal limitation are the two major mechanisms shaping gradients of phylogenetic β-diversity.
In our study, results of variation partitioning analyses revealed that both spatial and environmental
distances significantly accounted for the variance in phylogenetic β-diversity (Table 3). A recent
phylogenetic β-diversity study for eastern North America trees suggest that the determiner of
phylogenetic β-diversity is scale dependent, and environment filtering may shape phylogenetic
β-diversity in a regional scale (spatial scale of more than 7 km for forest tree assemblages) [9].
Although the scale corresponding to the three mountains was limited, the habitat heterogeneity
could not be underestimated for the high phylogenetic β-diversity in subtropical regions of China.
Furthermore, a comprehensive molecular biogeographical study found that Eastern Asian flora might
be relatively young and may provide refugia for ancient lineages [56]. This indicates that there might
not be enough time to diffuse to suitable habitats for some lineages, implying that dispersion limitation
would contribute to phylogenetic dissimilarity.

Our results showed that both edaphic and climate distances were more important than
the geographical distance in determining S.E.S. Dpw, while S.E.S. Dnn was most affected by the
geographical distance. The large difference between these two metrics was reported previously [19].
This phenomenon may attribute to the fact that Dpw includes more phylogenetic information than that
of Dnn and the variation of species abundance distribution between plots may drive the dissimilarity
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of Dpw, but not Dnn. Therefore, Dpw would be a more powerful metric than Dnn in reflecting the
phylogenetic β-diversity patterns.

However, there was still a considerable amount of unexplained variation for phylogenetic
β-diversity in this study. This may be attributed to three main reasons. The first reason would
be the limited scale of our study. The effects of various underlying drivers of diversity may vary
in different scales [57]. The estimates of phylogenetic β-diversity in this study were conducted in
a number of 400 m2 plots within EBLFs. In such cases, not all environmental conditions might be
included and then it was difficult to determine the universality of observed diversity patterns in
several scales. The second reason would be the limited ecological processes analyzed in our study.
For example, variation of species range size is generally recognized as one of the major mechanisms
invoking phylogenetic β-diversity [9,58,59], which unfortunately could not be considered in our study.
The third reason would be that functional traits were not taken into account in this β-diversity study,
sharing the same weakness for ecological inferences in many phylogenetic diversity studies. In general,
species are not functionally identical in the community, even for closely related species. As indicators
of ecological strategy for species, functional traits could provide more refined ecological inferences
for the community structure and diversity [8,13]. Therefore, further studies of community phylogeny
need to combine functional traits and phylogenetic β-diversity metrics, and explore more ecological
processes for addressing the mechanisms of community assembly comprehensively at multiple spatial
scales in subtropical forests.

5. Conclusions

This study examined the effectiveness of the combination of three barcodes (rbcL + matK + ITS) on
the calculation of phylogeneticβ-diversity, and explored the underlying drivers of community assembly
in EBLFs of China. The combined DNA barcodes (rbcL + matK + ITS) was able to construct a more
finely resolved community phylogeny in subtropical forests than the traditional Phylomatic approach.
Given the complexity and sensitivity of different phylogenetic diversity metrics to tree topology,
the use of a constrained tree coupled with DNA barcode data was considered in generating community
phylogenies. Non-random patterns of phylogenetic β-diversity were found. We emphasized the
importance of niche conservatisms in shaping species diversity patterns, and the influence of existing
mountains as the geographical barriers on the dispersal of some species (e.g., relic species) in EBLFs
of China.
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